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Because the extent of myocardial bulging after acute coro- 
nary occlusion is primarily dependent on wall tension, this 
study examined whether the decrease in systolic bulging 
with postextrasystolic potentiation was due to contractile 
reserve or to changes in loading conditions. Seven dogs 
were atrially paced at 100 beats/min after the sinus node 
was crushed and atria1 extrasystoles were generated. The 
left ventricular minor axis diameter and segment lengths in 
the ischemic and nonischemic zones were measured with 
sonomicrometers. Wall tension was estimated using La- 
place’s law, and regional tension-length loops were deter- 
mined. 
By 5 min after the left anterior descending coronary 
artery was occluded, there was regional bulging. Postex- 
trasystolic potentiation diminished the extent of bulging by 
The presence of contractile reserve in ischemic myocardium 
is controversial (l-5). Although its presence has been 
claimed to predict the ability of ischemic myocardium to 
recover function after reperfusion (6,7), this view has been 
challenged (2). Coronary occlusion produces myocardial 
systolic bulging. Investigations in this laboratory (8,9) and 
others (IO,1 1) have shown that the extent of bulging is 
dependent on loading conditions, and can be decreased by 
increasing preload. Therefore, a reduction in bulging does 
not necessarily imply an improvement in contractility. In the 
present study, we tested whether the improvement in short- 
ening of ischemic myocardium reported after postextrasys- 
tolic potentiation (2-5) was due to improved contractility or 
was secondary to alterations in loading and wall tension in 
the postextrasystolic contraction. Because the ability of 
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increasing both isovolumic and ejection percent systolic 
shortening (isovolumic -9.1 f 2.0% to -5.9 2 1.7%, p < 
0.008; ejection 2.2 + 0.7% to 4.3 f 2.0%, p < 0.008). The 
tension-length loops after coronary occlusion showed an 
exponential upstroke and almost superimposed downstroke 
consistent with passive movement. The loops were un- 
changed by postextrasystolic potentiation. Wall tension 
data showed that bulging was reduced because of a shift 
down the tension-length curve as end-systolic wall tension 
was reduced by augmented nonischemic contraction. Sim- 
ilar results were seen at 60 min of coronary occlusion. 
This study demonstrates that the decrease in bulging 
seen with postextrasystolic potentiation is due to changes in 
loading conditions and not to contractile reserve. 
(J Am Co11 Cardiol1989;13:723-9) 
ischemic myocardium to actively contract cannot be ade- 
quately assessed by measuring total systolic shortening 
(since a reduction in isovolumic bulging will increase total 
shortening even when there is no improvement in ejection 
shortening) and an increase in inward movement during 
ejection systole can be seen that is passive and due to 
changes in wall tension at end-systole, myocardial motion 
was analyzed during both isovolumic and ejection systole. 
Furthermore, because passive myocardial movement exhib- 
its an exponential tension-length relation (8), tension-length 
loops were examined during 1) the control period, 2) after 5 
min of coronary occlusion, when myocardial dysfunction is 
reversible if blood flow is restored, and 3) after 60 min of 
coronary occlusion, when myocardial dysfunction is gener- 
ally irreversible, to determine whether postextrasystolic 
potentiation produced active contraction or only an increase 
in passive motion. 
Methods 
Experimental preparation. Ten mongrel dogs, weighing 
24 to 32 kg, were anesthetized with intravenous fentanyl 
citrate (75 to 100 pg/kg body weight), followed by a mainte- 
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Table 1. Hemodynamic Data in Seven Dogs 
Control Control PES 
5 Min 
Occlusion 
5 Min 
Occlusion 
PES 
60 Min 
Occlusion 
60 Min 
Occlusion 
PES 
LVP (mm Hg) 106 ? 16 113 * 16t 98 * 13* 106 + 14t 115 t 20 119 f 7t 
AoOP (mm Hg) 79 * 10 73 t 9t 73 * lo* 67 2 9*t 85 + 15$ 77 f 14t 
AoCP (mm Hg) 922 14 95 + 14t 83 + 12* 87 2 12t 94 r 16 97 + 16t 
LVEDP (mm Hg) 6.2 r 1.7 7.8 t 2.0t 9.4 + 1.7* 11.2 + 1.7t 9.1 ? 3.3 11.1 + 2.9t 
LV dP/dt (mm Hgis) 1,800 t 614 2,571 + 716t 1,671 t 439 2,286 2 478’F 2,057 + 643 2,643 + 748t 
*p < 0.05 at 5 min occlusion or 60 min occlusion versus control; ?p < 0.05 for the postextrasystolic beat (PES) versus the beat preceding the extrasystole; 
Sp < 0.05 at 60 min occlusion compared with 5 min occlusion. AoCP = aortic valve closing pressure; AoOP = aortic valve opening pressure; LVP = peak left 
ventricular pressure. 
nance infusion of 0.3 ,ug/kg per min. Intravenous gallamine 
triethiodide (0.5 mglkg) was given as required for muscle 
relaxation. The dogs were mechanically ventilated with a 
mixture of oxygen and air by means of a Harvard respirator. 
The sinus node was crushed by injecting 1.0 ml of 40% 
formaldehyde, and the heart was paced with a constant 
current stimulator (Medtronic 5325) at a cycle length of 600 
ms. A 7F catheter-tipped micromanometer (Millar Instru- 
ments) was introduced into the ascending aorta from the 
right femoral artery for monitoring arterial pressure. A 
second 7F catheter-tipped micromanometer was inserted 
into the left ventricle from the right carotid artery for 
measurement of left ventricular pressure and its first deriv- 
ative (dP/dt). 
The left anterior descending coronary artery was isolated 
before thefirst diagonal branch for coronary artery ligation. 
Two pairs of 2 mm ultrasonic segment length crystals were 
placed. The first pair was in the zone to be rendered ischemic 
after occlusion of the left anterior descending artery, and the 
second pair was at the same circumferential level, but in the 
territory perfused by the left circumflex artery. Each pair of 
crystals was inserted into the inner third of the myocardium 
through small stab wounds perpendicular to the long axis of 
the left ventricle, approximately 10 mm apart. A pair of 5 
mm ultrasonic diameter crystals were placed on the anterior 
and posterior endocardial surfaces through a small incision 
in the left ventricular apex to measure the minor axis internal 
diameter, as described previously (12). Ultrasonic crystal 
motion was monitored with a standard imaging circuit 
(model 401, Schuessler & Associates). 
Experimental protocol. Postextrasystolic potentiation 
was created with use of atria1 extrasystoles introduced at an 
RR’ interval of 300 ms. After control recordings were 
obtained, the left anterior descending artery was ligated. 
Recordings were repeated after 5 and 60 min of coronary 
ligation. At the end of the protocol, 15 ml of Evans blue dye 
was injected from the left atrium, and the heart was fibril- 
lated by a lethal injection of intravenous potassium chloride. 
The position of the ischemic zone crystals in the central 
ischemic zone (no staining) was then verified as was the 
position of the nonischemic crystals (stained blue). 
Data analysis and statistics. Hemodynamic and crystal 
variables were recorded with the respirator turned off at the 
end of expiration and recorded on an Electronics for Medi- 
cine VR-16 recorder (Honeywell). The heart could not be 
correctly paced after coronary ligation because of an accel- 
erated junctional rhythm in two dogs and frequent ventricu- 
lar premature beats in one dog. These dogs were excluded, 
and the data shown are from the remaining seven dogs. 
Antiarrhythmic drugs were not used in any case, and no dog 
developed ventricular fibrillation. 
Total systolic shortening was defined as the percent 
change in segment length from end-diastole (the time of the 
abrupt increase in dP/dt) to aortic valve closing (end- 
systole). This period was divided into isovolumic shortening, 
which was the percent change in segment length from 
end-diastole to aortic valve opening, and ejection shorten- 
ing, which was the percent change in segment length from 
aortic valve opening to aortic valve closing. 
Wall tension (T) (grams per centimeter) was estimated 
according to Laplace’s law for a simple spherical model: 
T = (0.136 x [P x R])/2, 
where P is the transmural pressure in mm Hg (disregarding 
extracardiac pressure), and R is the radius of the left 
ventricle in mm. Wall tension was calculated at end-diastole, 
aortic valve opening and aortic valve closing by using the left 
ventricular pressure and minor axis diameter at these times 
in the cardiac cycle. In addition, segment lengths, the 
internal minor axis diameter and left ventricular pressure 
were hand-digitized with a digitizing tablet (Bitpad Two, 
Summagraphics) and entered into a Dee Vax 11/750 com- 
puter. Wall tension was calculated every 1 ms with use of 
locally developed software (8). Tension-length loops were 
created with an X-Y plotter (Hewlett-Packard). To describe 
these curves, exponential fitting was performed by the least 
square methods (13). 
Statistical analysis. Data are expressed as mean values ? 
SD. Paired groups of data were compared for significance by 
an analysis of variance for a two factor experiment with 
repeated measurements (14). For comparison of two sub- 
JACC Vol. 13, No. 3 NOMA ET AL. 725 
March I, 1989:723-9 POSTEXTRASYSTOLIC POTENTIATION AND BULGING 
Table 2. Regional Function (percent systolic shortening) Data in Seven Dogs 
Control 
Control 
PES 
5 Mio 
Occlusion 
5 Min 
Occlusion 
PES 
60 Min 
Occlusion 
60 Min 
Occlusion 
PES 
lschemic Zone 
Total 23.2 + 4.3 32.9 + 3.1 -7.0 t 2.4* -1.6 + 1.7t -7.0 i 2.4* -1.4 ” 1.2t 
Isovolumic 4.4 5 2.1 5.4 k 2.0 -9.1 k 2.0* -s.9 ? 1.7t -10.1 i 3.3* -7.1 t 2.V 
Ejection 18.8 ? 3.4 27.5 2 4.lt 2.2 + 0.7* 4.3 ? 2.0: 3.2 ? 1.8* 5.8 k 2.U 
Nonischemic Zone 
Total 20.3 2 4.9 27.6 + 5.4t 23.0 ? 5.3* 29.5 * 5.9t 24.3 ? S.l* 30.5 + 5.ot 
Isovolumic 5.6 t 1.5 4.7 + 2.2 8.9 f 3.2* 8.6 5 3.3 9.7 t 4.5* 8.6 + 3.6 
Ejection 14.6 + 4.0 22.8 2 4.1: 14.2 k 3.3 20.9 t 4.3*+ 14.5 + 3.3 21.9 + 4.0t 
*p < 0.05 at 5 min occlusion or 60 min occlusion versus control; tp < 0.0s for the postextrasystolic beat (PES) versus the beat preceding the extrasystole. 
groups, a paired t test with Bonferroni’s correction was used 
(15). Because data from six different experimental points 
were compared, p < 0.008 was considered significant. 
Results 
Hemodynamics (Table 1). Peak left ventricular pressure 
and left ventricular pressures at aortic valve opening and 
closing were decreased after 5 min of coronary occlusion, 
but returned to preocclusion levels after 60 min of coronary 
occlusion. Left ventricular end-diastolic pressure was in- 
creased at 5 min of coronary occlusion, although this in- 
crease was not significant by 60 min. Left ventricular dP/dt 
was not significantly affected by coronary occlusion. 
Postextrasystolic potentiation produced characteristic 
hemodynamic changes in the postextrasystolic cycle, both 
in the control state and after 5 and 60 min of coronary 
occlusion. Peak left ventricular pressure increased slightly, 
whereas aortic valve opening pressure was decreased. Aor- 
tic valve closing pressure was increased, as was left ventric- 
ular end-diastolic pressure. Left ventricular dP/dt showed 
the largest magnitude of increase. 
Regional myocardial function (Table 2). Coronary occlu- 
sion produced changes in segment length contraction pat- 
terns that stabilized within 2 min and were essentially 
unchanged throughout the 60 min of observation. Figure I 
shows representative tracings from one experiment. In the 
ischemic zone, the end-diastolic length increased (from 10.9 
2 1.3 mm to 12.5 2 1.6 mm at 5 min and to 12.5 2 1.7 mm 
at 60 min) and systolic shortening was replaced with systolic 
bulging, which was predominantly isovolumic. In the non- 
Figure 1. The effect of postextrasystolic potentiation on segment 
length shortening and hemodynamics. Each panel shows an atrially 
paced beat, an atrial extrasystole and the postextrasystolic beat. 
The vertical lines through each crystal tracing represent end- 
diastole, the beginning of ejection systole and end-systole, respec- 
tively. Note the similar hemodynamic response at each time. 
Although the pattern of left ventricular (LV) segmental shortening in 
the nonischemic zone shows a similar response to an atria1 extra- 
systole before and after coronary occlusion, there is a markedly 
different response in the ischemic zone. Bulging during isovolumic 
systole decreases and there is an increased inward movement during 
ejection systole, both at 5 and 60 min of coronary occlusion. dP/dt = 
maximal rate of rise in pressure. 
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Figure 2. Ischemic zone tension-length loops from the same exper- 
iment shown in Figure 1. Left ventricular wall tension is along the 
vertical axis, and segment length in the ischemic zone is along the 
horizontal axis. The postextrasystolic beat (PESP) and beat preced- 
ing the atria1 extrasystole are shown before coronary occlusion (A), 
after 5 min of coronary occlusion (B) and after 60 min of coronary 
occlusion (C). See text for details. 
ischemic zone, the end-diastolic segment length also in- 
creased, whereas the length at aortic valve opening and that 
at closing were unchanged. The net effect was an increase in 
nonischemic total and isovolumic systolic shortening with 
little change in ejection systolic shortening. 
Postextrasystolic potentiation augmented myocardial 
shortening in the control state. In the postextrasystolic beat, 
segment length at end-diastole and aortic valve opening 
increased, whereas segment length at aortic valve closing 
decreased. The net effect was an increase in total and 
ejection systolic shortening with little change in isovolumic 
systolic shortening. Thus, augmentation of shortening in 
the control state was purely an ejection phase phenomenon. 
After coronary occlusion, segment length in the ischemic 
zone increased at end-diastole and decreased at aortic 
valve closing, whereas at aortic valve opening it decreased 
slightly but significantly. The net effect was an increase in 
both isovolumic and ejection shortening, resulting in an 
increase in total shortening. Therefore, systolic bulging in 
the ischemic zone was diminished in the postextrasystolic 
beat not only by a decrease in isovolumic bulging, but also 
by an increase in the inward movement during ejection 
systole. There was no qualitative or quantitative difference 
in the response to postextrasystolic potentiation at 5 and 
60 min of coronary occlusion. By contrast, in the nonische- 
mic zone, augmentation with postextrasystolic potentiation 
remained an ejection phase phenomenon after coronary 
occlusion. 
Tension-length relation in the ischemic zone (Fig. 2). In 
the control state (Fig. 2A), the tension-length loop was 
rectangular and counterclockwise. Wall tension initially in- 
PESP’ 
0 2 4 6 8 10 12 14 
creased during isovolumic systole, with little change in 
segment length, followed by a decrease in segment length 
with a slight decrease in wall tension during ejection systole. 
Then, during isovolumic relaxation, tension decreased with 
little change in segment length. Finally, segment length 
increased with a slow increase in wall tension in the diastolic 
filling phase. Therefore, in the control state, the regional 
tension-length loop reflected the cardiac cycle. With postex- 
trasystolic potentiation, the loop became wider and slightly 
decreased in height. The area of the loop became greater and 
did not return to the initial point because the segment length 
at end-diastole in the postextrasystolic beat was greater than 
in the previous beat. 
The tension-length loop at 5 min (Fig. 2B) after coronary 
occlusion shifted toward the right and showed an exponen- 
tial upstroke during isovolumic systole followed by a rela- 
tively small change in segment length during ejection sys- 
tole, a nearly superimposed exponential downstroke during 
the isovolumic relaxation phase and, finally, in late diastole, 
an increase in length with the slow increase in tension. 
Although there was a slight discrepancy between upstroke 
and downstroke (Fig. 2), the loops were well regressed by 
the least square methods to exponential curves, with corre- 
lation coefficient (r) values of 0.84 to 0.96 (p < 0.0001) in all 
cases. The introduction of an extrasystole did not affect the 
shape of the tension-length loop. The extrasystolic tension- 
length loops were also well regressed by the least square 
methods to an exponential curve, with r values of 0.84 to 
0.97 (p < 0.0001) in all cases. There was no change in the 
shape of the loops after 60 min of coronary occlusion (Fig. 
2C) as compared with 5 min. 
Changes in wall tension (Table 3). To explain the changes 
in regional shortening without any change in the shape of the 
tension-length loop, regional tension was examined. It can 
be seen that calculated wall tension is always higher at aortic 
valve opening than at aortic valve closing (end-systole). This 
is because the ventricular radius decreases as ventricular 
volume decreases during ejection systole with little change 
in ventricular pressure. Coronary occlusion increased the 
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Table 3. Diameter and Wall Tension Data in Seven Dogs 
Control Control PES 
5 Min 
Occlusion 
5 Min 
Occlusion 
PES 
60 Min 
Occlusion 
60 Min 
Occlusion 
PES 
Left Ventricular Minor Axis Diameter (mm) 
End-diastole 32.9 ? 5.4 33.9 ? 5.6t 35.2 2 5.0* 35.8 2 5.ot 35.0 2 6.2” 35.5 c 6.2t 
Aortic valve opening 30.8 * 5.5 31.8 2 5.3t 33.0 t 5.3* 33.5 t 5.4: 32.9 ?I 6.4* 33.3 2 6.5t 
End-systole 24.9 ? 5.7 22.8 2 5.3t 21.9 2 6.2* 25.9 ? 5.9t 27.6 t 7.2* 25.3 2 6.7t 
Calculated Wall Tension (g/cm) 
End-diastole 6.9 + 2.1 9.0 ? 2.w II.2 2 2.3* 13.6 + 2.5t 11.2 ? 6.0 13.7 2 5.9: 
Aortic valve opening 81.9 + 13.0 78.3 t l2.0t 80.7 1?- 13.8 75.9 c 12.8t 93.8 + 21.2 86.5 ? 20.1+ 
End-systole 75.9 + 13.0 72.0 + 13.7: 77.0 + 15.7 74.9 t 15.9t 86.1 2 20.0* 81.6 + 19.2t 
*p < 0.05 at 5 min occlusion or 60 min compared with control: tp < 0.05 for the postextrasystolic beat (PES) versus the beat preceding the extrasystole. 
minor axis diameter and wall tension at end-diastole and 
aortic valve opening and closing. At 60 min of coronary 
occlusion, wall tension at aortic valve opening and closing 
tended to increase, reflecting an increase in left ventricular 
pressure. With postextrasystolic potentiation, the direction 
of changes in the minor axis diameter and wall tension were 
the same before and after coronary occlusion. The end- 
diastolic diameter and wall tension increased, reflecting the 
increase in left ventricular end-diastolic pressure. The diam- 
eter at aortic valve opening was larger, although wall tension 
was decreased as a result of the decrease in the aortic 
opening pressure. End-systolic wall tension was decreased 
as a result of a decrease in the minor axis diameter because 
of augmented contraction in the nonischemic zone. 
Discussion 
Wall tension and systolic bulging after coronary occlusion. 
In this study, postextrasystolic potentiation decreased the 
systolic bulging of ischemic myocardium because of changes 
in wall tension produced by the alteration in loading condi- 
tions and the augmentation of nonischemic shortening. No 
contractile reserve was demonstrated after either 5 or 60 min 
of coronary occlusion. 
The tension-length curves generated in this study clearly 
demonstrate that, as early as 5 min after coronary occlusion, 
there is no active contraction in ischemic myocardium 
before or after postextrasystolic potentiation. Because the 
extent that ischemic myocardium is stretched depends on 
wall tension, the alteration in wall tension with postextra- 
systolic potentiation, its increase at end-diastole and its 
decrease at the beginning and end of ejection systole led to a 
decrease in the extent of bulging. The end-systolic decrease 
in wall tension was due to augmented nonischemic shorten- 
ing that decreased the diameter of the left ventricle as the 
aortic valve closing pressure in the postextrasystole was 
actually increased at end-systole. 
When evaluating contractile reserve, it is important to 
distinguish between a decrease in systolic bulging and an 
actual return to positive systolic shortening. A true return to 
shortening has been described with isoproterenol infusion (1) 
and with postextrasystolic potentiation, but only during the 
first 3 min after acute coronary occlusion (2,3). By 5 min of 
coronary occlusion, only a decrease in bulging will be seen 
(l-3). Crozatier et al. (2) hypothesized that the reduction in 
systolic bulging might be due to reduced wall stress in the 
postextrasystolic beat. Furthermore, similar results were 
obtained at 2 h after coronary occlusion (2,3), at 24 h and 1 
week (4,16). Our data are similar to those of these investi- 
gators, but the critical role of augmented nonischemic short- 
ening in reducing wall tension has not been previously 
demonstrated. 
Postextrasystolic potentiation to distinguish viable from 
nonviable myocardium. This study adds to the doubts raised 
by other studies (2) concerning the clinical observation that 
postextrasystolic potentiation can be used to distinguish 
viable from nonviable ischemic myocardium (6,7,17-19). 
There are compelling reasons to doubt a link between 
myocardial function and myocardial viability. Recent evi- 
dence suggests that the loss of contractile function during 
coronary occlusion is related to the changes in cytosolic 
phosphorylation potential from hypoxia. This can be seen 
within minutes of acute coronary occlusion (20,21) and is 
also reversible within minutes (21). Although contractile 
function may be related to the severity of ischemia (22-25), 
it does not appear to depend on the duration of ischemia 
since it is lost within 5 min (2-5). On the other hand, 
myocardial viability clearly depends on the duration and 
severity of ischemia, with increasing transmural infarction 
after 20 min of coronary occlusion (26). In the present study, 
this was the rationale for choosing to analyze the movement 
of ischemic myocardium at 5 min, a time when myocardium 
is completely viable with reperfusion, and at 60 min, when 
there is much less potential recovery of function with 
reperfusion. Thus, it appears that to assess myocardial 
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viability accurately, a marker of cellular metabolism will 
need to be developed. 
Possible limitations. Although it is possible that our in- 
ability to demonstrate contractile reserve was due to our 
experimental preparation, choice of anesthesia or method 
of detecting contractile reserve, we do not think this is 
likely. It has been shown (2,3) that an open chest dog 
model does not limit the ability to demonstrate augmen- 
tation with postextrasystolic potentiation. Fentanyl citrate 
anesthesia has been shown (27) not to affect cardiac func- 
tion. Although the degree of augmentation with postextrasy- 
stolic potentiation depends on the mode and timing of the 
extrasystole (28), the effects of atria1 versus ventricular 
premature beats were previously compared (16), and no 
difference was found as long as the atria1 or ventricular 
extrasystole was introduced at the proper time. In the 
same study, the extent of augmentation remained level at an 
(RR’)/(RR) ratio of 0.7, with little further augmentation if the 
ratio was further decreased. Therefore, the use of an atria1 
premature beat with an (RR’)/(RR) ratio of 0.5 can cause 
nearly maximal augmentation in postextrasystolic shorten- 
ing. 
In this study, myocardial movement throughout the car- 
diac cycle was analyzed using tension-length relations, al- 
though wall tension was not measured directly and only 
estimated using Laplace’s law. We recognize that the as- 
sumptions underlying Laplace’s law do not strictly hold 
after regional ischemia, but previous work in our laboratory 
(8) has demonstrated that, with use of this estimate of 
tension, load on a segment can be shown to decrease during 
systole. Although it is also possible that stress-length curves 
might better characterize myocardial movement than do 
tension-length curves, additional assumptions are necessary 
to calculate wall stress, and these assumptions may not be 
valid in a regionally ischemic ventricle (29). Because the 
direction of change in stress is the same as that in wall 
tension, the presentation of the data as tension-length or 
stress-length curves does not change the overall interpreta- 
tion. 
Conclusions. This study showed that the decrease in 
systolic bulging with postextrasystolic potentiation was due 
to changes in loading conditions and wall tension and not to 
contractile reserve. The influence of augmented contraction 
of the nonischemic myocardium on the movement of isch- 
emit myocardium was also demonstrated. The absence of 
contractile reserve after only 5 min of coronary occlusion 
suggests that postextrasystolic potentiation is not a useful 
marker of myocardial viability. 
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